Introduction
============

Gastric cancer (GC) is the fifth most common malignancy and the second leading cause of cancer-related deaths worldwide and is considered a major public health problem [@B1],[@B2]. At present, surgical resection is the only way to cure patients with GC; however, surgical outcomes remain unsatisfactory [@B3].

5-FU-based postoperative adjuvant chemotherapy (PAC) has been generally recommended as a first-line postoperative treatment for patients with stage II or stage III GC [@B4]-[@B7]. Nonetheless, the therapeutic efficacy of PAC differs among individuals. One important explanation for this phenomenon is that the existing models for GC prognostic risk stratification and treatment strategy are predominantly established on the basis of tumor cell-oriented stratification systems, such as the TNM stage groupings. However, the TNM system has limitations and may not be sufficiently accurate when used alone in clinical circumstances since GC is a complex, heterogeneous disease with a highly variable prognosis [@B8]. As a result, clinicians currently have little evidence to use when determining whether PAC will be beneficial to their patients [@B9]. Consequently, there is a need to explore biomarkers for individualized risk stratification of the response to PAC in patients with GC.

T-box 2 (TBX2) is a member of the T-box family of transcription factors, which plays a critical role in embryonic development [@B10]. In addition, recent studies report that TBX2 expression has been implicated in human cancer. TBX2 is overexpressed in breast [@B11], melanoma [@B12], colorectal [@B13] and pancreatic cancers [@B14]. Importantly, Wansleben et al. [@B15] found that overexpression of TBX2 was also linked to chemotherapeutic drug resistance and that targeting TBX2 could improve the efficacy of current anticancer treatments. The findings of Nandana et al. [@B16] indicated that TBX2 acts as a novel therapeutic target for the treatment of metastasis in prostate cancer patients. Wang et al. [@B17] found a significant correlation between high TBX2 expression levels in primary tumors and reduced metastasis-free survival in breast cancer patients. Taken together, these results suggest that TBX2 may be an attractive new target for advanced stage cancer therapy. However, TBX2 expression and its predictive significance with respect to PAC in GC are not well understood. To date, only one study has reported the effect of TBX2 on overall survival for GC [@B18].

The aim of this study was to investigate the role of TBX2 in GC. Our results may not only shed light on the expression of TBX2 in GC tissue but also first pave the way for a promising prognostic system that can precisely evaluate the outcomes for GC patients and identify those who would benefit from receiving PAC.

Materials and Methods
=====================

Patients and clinical databases
-------------------------------

Between January 1, 2015, and April 1, 2016, a total of 438 patients admitted to Fujian Medical University Union Hospital (FMUUH) were recruited for a randomized clinical trial with 419 patients included in the final analyses (ClinicalTrials.gov number NCT02327481). Details about the inclusion, exclusion, quality control and randomization have been previously reported [@B19]. The selection criteria are as previously described. The present study is a sub-study of the above clinical trial. Patients who had neuroendocrine carcinoma or who underwent palliative surgery or neoadjuvant chemotherapy were excluded. After exclusion, the present analysis was restricted to 401 patients for whom curative gastrectomies were performed and for whom postoperative pathology confirmed stage I, II, or III gastric adenocarcinoma (pT1-4aN0-3M0) according to the 7th American Joint Committee on Cancer Staging system [@B20]. Patients diagnosed at stage II or stage III were candidates to receive PAC. Collectively, 85.0% (226/266) of patients received 5-FU-based PAC in the stage II/III cohort (at least 1 cycle) [@B21]. In addition, 20 fresh samples of GC and adjacent noncancerous tissue were obtained between June 1, 2018, and August 1, 2018, at FMUUH and used for Western blot analysis to determine the TBX2 expression levels. In this study, no patients had any treatment before surgery.

The study protocol was approved by the institutional review board of FMUUH, and the study was carried out according to the approved guidelines. Each subject was well informed about the details of this study, and informed consent was obtained. Recurrence-free survival (RFS) was defined as the time from surgery to the date of recurrence. Overall survival (OS) was calculated from the date of surgery to the date of death or last contact. The median follow-up for the entire cohort was 25 months (range 3-39 months).

Western blot assay
------------------

20 fresh samples of GC and paired adjacent non-cancerous tissues were extracted with RIPA lysis solution (Thermo Fisher Scientific, Waltham, MA, United States) containing a PMSF (Roche, South San Francisco, CA, United States) with concentrations maintained at 1mM. Protein samples (40 μg per lane) were separated on 10%, polyacrylamide gels by the SDSPAGE method and transferred to PVDF membranes. Then, at room temperature, 5% skim milk was used to block the PVDF membrane for 1 h. The membrane was then incubated at 4 °C with the primary anti-TBX2 (ab157203, 1:1000 dilution; Abcam), or anti-GAPDH (ab8245, 1:2500 dilution; Abcam) and washed with TBS-T 3 times, 5 min each time, then incubated at room temperature with the HRP secondary antibody (Cell Signaling Technology) for 1 h. GAPDH was used as an internal control. Finally, the membrane was washed with TBS-T for 30 min and the protein bands were detected through an enhanced chemiluminescence method (Amersham Corporation, Arlin-gton Heights, IL, United States).

Immunohistochemistry
--------------------

A conventional immunohistochemical (IHC) staining protocol was used in this study. Briefly, paraffin-embedded tumor tissue blocks were cut into 4-μm-thick sections; then dried, deparaffinized, and dehydrated in a graded series of ethanol. Tissue sections were treated with 1% hydrogen peroxide for 10 min to block endogenous tissue peroxidase activity, followed by treatment with bovine serum for 30 min to reduce nonspecific binding. Antigen retrieval was then accomplished using citrate buffer (pH 6.0) with high-heat microwave processing for 5 min followed by low-heat microwave processing for 20 min. Immunohistochemistry was performed using rabbit anti-TBX2 antibody (1:300, MAIXIN BIO, Fuzhou, China). Slides were rinsed with phosphate-buffered saline before color development using a 3,3\'-diaminobenzidine substrate kit and then counterstained with hematoxylin.

A semiquantitative immunohistochemistry score (IHS) was determined by evaluating both staining intensity (0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining) and percentage of positive cells (1, 0% to 10%; 2, 11% to 50%; 3, 51% to 80%; and 4, 81% to 100%). The IHS was generated by multiplying the score of staining intensity and the score of the percentage of positive cells, which theoretically ranged from 0-12. According to previous reports [@B22],[@B23], samples with HIS ≤ 4 were defined as low TBX2 expression, while those with TBX2 \> 4 were considered as high expression. Two independent pathologists (Y.X and Y. W) who were blinded to the clinicopathological data and outcome of each patient evaluated the IHS. Statistical analysis was inspected by a third researcher who did not have a role in the scoring process.

Statistical analysis
--------------------

Associations between categorical variables were evaluated using Chi square tests. Kaplan-Meier method with log-rank tests was used for univariate survival analysis. Potential risk factors determined by univariate analysis were entered into multivariate analysis. The Cox proportional hazards model was undertaken in multivariate analysis to assess the independent effect of the variables. Hazard ratios (HRs) and the 95% CIs of covariates were calculated. The accuracy of the prognostic models was evaluated by Harrell\'s concordance index (C-index), Akaike information criterion (AIC), and receiver operating characteristic (ROC) curve analysis. Statistical analyses were performed using SPSS 19.0 (SPSS Inc, Chicago, IL) and R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was set at 2-sided p \<0.05.

Results
=======

TBX2 expression in 20 pairs of fresh tissues evaluated by Western blotting
--------------------------------------------------------------------------

The expression of TBX2 protein in the GC tissue and adjacent tissue was detected by Western blot analysis of 20 pairs of GC tissue and their adjacent tissue. Representative results are shown in Fig. [1](#F1){ref-type="fig"}. There were 15 patients (75%) whose GC tissue exhibited higher protein levels of TBX2 compared with those of the adjacent tissue. The results indicated that the expression of TBX2 protein in GC tissue was significantly higher than that in adjacent tissues (p=0.033).

Location and expression of TBX2 protein in 401 GC patients by immunohistochemistry
----------------------------------------------------------------------------------

Immunohistochemical analyses were performed to determine the location and expression of TBX2 protein in the GC tissue. Positive staining of the TBX2 protein was mainly located in the nuclei of tumor cells. Examples of TBX2-low and TBX2-high samples are shown in Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B, respectively. High expression of TBX2 was observed in 58.6% (235/401) of the GC samples, whereas 41.4% (166/401) of the GC samples had low expression of TBX2 ([Table S1](#SM0){ref-type="supplementary-material"}).

Correlations between TBX2 protein expression and the clinicopathological features of GC patients
------------------------------------------------------------------------------------------------

TBX2 expression and its relationships with the clinicopathological parameters of GC patients are listed in [Table S1](#SM0){ref-type="supplementary-material"}. Higher expression of TBX2 was significantly associated with lymphovascular invasion (p=0.024) and lymph node metastasis (p=0.044). These results indicated that TBX2 expression was associated with aggressive GC. However, no significant associations were found between TBX2 expression and sex, age, tumor location, tumor size, tumor differentiation, tumor depth or pathological TNM stage.

High TBX2 protein expression is correlated with worse prognosis in GC patients
------------------------------------------------------------------------------

Subsequently, univariate analyses were conducted to evaluate the relationship of TBX2 protein expression and clinicopathological factors with the prognosis of GC patients. The results showed that a high expression level of TBX2 was significantly associated with poor RFS and OS of GC patients (p\<0.001 and p=0.005, respectively) ([Fig. S1](#SM0){ref-type="supplementary-material"}), particularly for stage II (p\<0.049 and p=0.051, respectively) and stage III (p\<0.003 and p=0.033, respectively) patients (Fig. [3](#F3){ref-type="fig"}). After univariate analysis, multivariate analysis was conducted. Lymphovascular involvement (hazard ratio \[HR\]: 2.259, 95% confidence interval \[CI\]: 1.349-3.785, p=0.002), pathological TNM stage (HR: 5.310, 95% CI: 3.052-9.236, p\<0.001), adjuvant chemotherapy status (HR: 0.509, 95% CI: 0.304-0.853, p=0.010) and TBX2-positive status (HR: 1.930, 95% CI: 1.284-2.900, p=0.002) were found to be independent prognostic markers for 3-year RFS. ([Table S2](#SM0){ref-type="supplementary-material"}). Similar independent prognostic factors were found for OS. ([Table S3](#SM0){ref-type="supplementary-material"}).

Extension of prognostic models with TBX2 expression to patients with GC
-----------------------------------------------------------------------

To additionally evaluate the prognostic ability of TBX2 expression as a prognostic marker, we created prognostic models that combined TBX2 expression with TNM stage. As shown in Table [1](#T1){ref-type="table"}, the C-indice of RFS was 0.7699 when evaluated with TNM stage alone, and it was enhanced to 0.8003 when the dichotomous TBX2 expression signature was placed in the combination model. Similarly, the C-index of OS was enhanced from 0.7428 to 0.7922 when the dichotomous TBX2 signature was placed into the model. Moreover, p values indicating the statistical significance of C-indices of the amalgamated TNM+ TBX2 model vs. the TNM model were all \< 0.001 in RFS and OS analyses. AIC and ROC curve analyses also showed promising levels of predictive significance for TBX2 expression combined with TNM stage in GC patients (Table [1](#T1){ref-type="table"}, [Fig. S2](#SM0){ref-type="supplementary-material"}).

TBX2 expression and the benefit from PAC in stage II/III GC patients
--------------------------------------------------------------------

Consistent with previous studies, 5-FU-based PAC was recommended for patients with stage II or III tumors. As shown in [Fig. S3](#SM0){ref-type="supplementary-material"}, PAC improved the survival rate of stage II/III patients. To explore the association of the TBX2 expression signature with the response to 5-FU-based PAC, subgroup analysis was performed in these patients. Incorporating the TBX2 signature into the PAC outcome data showed that, in the low TBX2 expression subgroup, patients with PAC had greater RFS and OS benefit than patients without PAC (Fig. [4](#F4){ref-type="fig"}A-B, log rank test p =0.025 and p=0.014, respectively). In contrast, in the high TBX2 expression subgroup, RFS and OS were as poor in the patients with PAC as in those without PAC (Fig. [4](#F4){ref-type="fig"}C-D, log rank test p=0.726 and p=0.290, respectively).

Discussion
==========

In this study, we showed that high TBX2 expression was positively associated with lymphovascular invasion, lymph node metastasis, and an increased risk of poor RFS and OS in GC. Furthermore, we expanded the prognostic model by including TBX2 expression and showed that the new model had better predictive accuracy than the TNM staging system. More importantly, we are the first to demonstrate that patients with low TBX2 expression might benefit from adjuvant chemotherapy.

Of the constructed GC prognostic models, the American Joint Committee on Cancer (AJCC) TNM staging system [@B20], which has been properly confirmed, is the most broadly utilized prognostic model to forecast outcomes in patients treated with radical operation. Nevertheless, a large weakness of this system is the difficulty in integrating new clinical information, including molecular markers or more elaborate bioinformatics [@B21].

Despite recent developments in therapy, the prognosis of advanced GC patients remains poor [@B24]. PAC has been demonstrated to prolong stage II/III GC patients\' survival periods. However, the lack of a reliable standard to identify those truly at high risk has made it hard for us to identify patients who would experience an RFS or OS benefit from adjuvant chemotherapy. In addition, the side effects of cytotoxic chemotherapy drugs can result in a decline in the quality of life when the patient is not sensitive to the chemotherapy. Thus, it is vital to distinguish patients who benefit from PAC from those who do not, and it would be helpful to have predictive biomarkers for chemosensitivity and chemoresistance to develop individualized therapy regimens.

Increasing evidence has established that TBX2 plays a role in the progression of a number of cancers [@B11]-[@B14],[@B16]. Han et al. [@B13] reported that TBX2 was a significant prognostic factor for decreased survival and increased disease recurrence independent of tumor stage and functioned as a marker to predict the prognosis of patients with colorectal cancer. Kandimalla et al. [@B25] recognized TBX2 as a pTa-specific prognostic biomarker in bladder cancer. Nandana et al. found that increased expression of TBX2 promotes bone metastasis [@B16]. More importantly, the potential for using TBX2 as a target in cancer therapy is now being explored [@B13],[@B17]. TBX2 overexpression has been linked to chemotherapeutic drug resistance by an as yet unknown mechanism [@B15]. Therefore, we believe that these findings reinforce the position of the current study that TBX2 might be used as a biomarker to predict prognosis and PAC benefit in patients with GC. We therefore examined the indicative prognostic and PAC selection values of TBX2 in GC.

Although Yu et al. [@B18] reported in their study that TBX2 is a prognostic factor for gastric cancer patients, the relationship between TBX2 expression and relapse-free survival or PAC benefit in gastric cancer has not been reported so far. In this study, we found a negative correlation between the TBX2 expression level and GC outcome and validated TBX2 as an independent prognostic marker for both RFS and OS in GC patients. Our evaluation further indicated that the integration of TBX2 into TNM staging might improve the risk stratification of GC patients. Importantly, we found that between stage II/III patients who received or did not receive PAC, the former group had better survival. When the TBX2 signature was incorporated, patients in the subgroup with low TBX2 expression who received PAC had longer survival than patients who did not receive PAC; however, patients with high TBX2 expression had no benefit from PAC, indicating that TBX2 expression could be an important factor for the efficiency of PAC. The findings can thus assist in choosing and treating patients who will be administered PAC. Based on the results of this study, among patients who were diagnosed with TNM II/III stage tumors, only those with low TBX2 expression were able to benefit from PAC, which makes TBX2 expression seem promising for stratifying patients more precisely.

A major limitation of this study was its retrospective design, although this was partially mitigated by using the prospective management database. Second, it was performed in a single center without external validation. Third, the underlying mechanism of cancer progression and drug resistance induced by TBX2 expression in GC has not been elucidated. Therefore, further experiments and validation in prospective cohorts or clinical trials are needed.

In conclusion, the findings indicated that TBX2 tumor cell expression could be identified as a novel prognostic predictor in GC clinical treatment, which may improve the current TNM system in terms of patient counselling. In addition, high TBX2 expression may use to define a subgroup of stage II/III gastric cancer patients who will be more likely to benefit from 5-FU-based PAC. Further studies into the mechanisms of TBX2 are thus warranted.
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###### 

Comparison of the Prognostic Accuracies of TNM Staging System and high TBX2 expression

                 Model                   p value                 
  -------------- ----------------------- ----------------------- ----------
  RFS            TNM                     TNM+TBX2                
  C-index        0.7699(0.7248-0.8209)   0.8003(0.7573-0.8359)   \< 0.001
  AUC (95% CI)   0.807(0.763-0.851)      0.837(0.797-0.878)      0.004
  AIC            1009.875                1003.121                /
  OS                                                             
  C-index        0.7428(0.6978-0.7968)   0.7922(0.7342-0.8218)   \< 0.001
  AUC (95% CI)   0.766(0.715-0.817)      0.791(0.741-0.840)      0.025
  AIC            825.9906                819.1917                /

C-index indicates Harrell concordance index; AIC indicates Akaike Information Criterion; AUC indicates area under the curve.
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